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SUMMARY 


An experimental and theoretical study of sonic-boom generation of a blunt 
body at a high supersonic Mach number has shown that for accurate measurement 
of sonic-boom flow fields with conventional static-pressure probes, strong 
pressure fields with large flow angularities should be avoided. Small models, 
for which larger nondimensionalized distances and thus weaker pressure fields 
can be obtained, are preferable to large models even with the sacrifice in con- 
struction accuracy and the demands placed on measurement systems. When the pur- 
pose of sonic-boom testing is the provision of data for use in existing geometric 
acoustic extrapolation methods, the limitations on overpressure are even more 
demanding because signature impulse is found to follow acoustical disturbance 
laws only for very weak flow fields. The most significant finding, however, is 
that the applicability of far-field sonic-boom theory previously demonstrated 
for more slender shapes may now be extended to bodies with ratios of diameter 
to length as great as two and to Mach numbers at least as high as 4.14. This 
last conclusion is particularly important in view of the limitations to the use 
of existing methods for extrapolation of close-in experimental data. 


INTRODUCTION 

A large number of wind-tunnel experimental programs (refs. 1 to 12) have 
been conducted to explore the nature of sonic-boom phenomena and to define the 
applicability of theoretical prediction methods. Generally, these studies dem- 
onstrated a rather remarkable ability of simplified theoretical methods (based 
primarily on refs. 13 to 16 and described in ref. 17) to provide accurate esti- 
mates of sonic-boom characteristics for a wide variety of bodies, wings, wing- 
body combinations, and complete supersonic aircraft configurations. 

Little effort, however, has been devoted to an exploration of the appli- 
cability of the theory to very blunt body shapes at high supersonic speeds - 
shapes representative of entry vehicles and of exhaust gas plumes that develop 
behind ascending spacecraft and dominate the sonic-boom generation. Wind-tunnel 
tests of the Apollo command module and of the Saturn V-Apollo launch vehicle with 
a simulated exhaust plume (refs. 18 and 19) have provided data for extrapolations 
which correlated well with flight-test results (refs. 20 and 21). These wind- 
tunnel measurements, however, were made only in the extreme near field, and thus 
do not provide information on flow-field development over a range of distances 
sufficient for the testing of theories based on asymptotic approximations. 

Because of small disturbance approximations made in its development, the 
theory is commonly believed to be invalid at hypersonic speeds and particularly 
so for blunt shapes. Nevertheless, in view of the past successes of the theory, 
it is believed prudent to explore carefully its limitations rather than to 
accept a priori its inapplicability under certain conditions. 



Illllllllll■ll■llllllllllllllllll 


The experiment described in this report provides data on the flow field 
generated by a blunt body, a paraboloid of revolution with a ratio of diameter 
to length of two, at a Mach number of 4.14. To provide sufficient data on the 
evolution of the flow field for comparison with far-field theoretical estimates, 
measurements of static pressures generated by models of two different sizes were 
made at distances from 2 to 32 body lengths. The extreme cl<?se-in distances 
were included to provide more information on signature development, and to help 
assess problems encountered in measurement of static pressures in strong shock 
fields. The models of different sizes aided in a study of the compromise 
between large models for accurate geometric definition and small models for 
generation of weak flow fields meeting the requirements of acoustical extrap- 
olation methods. 


SYMBOLS 

A cross-sectional area normal to body axis 

D body maximum diameter, base diameter 

1 f'r A" 

F(t) area distribution function, — \ dx 

2tt - X 

h perpendicular distance from model center line to measuring probe 

Kp reflection factor 

2 model length 

M Mach number 

p reference pressure, free stream static 

Ap incremental pressure due to model flow field 

APa adjusted incremental pressure at bow shock of measured 

pressure signature (see fig. 6(b)) 

APb incremental pressure at bow shock of theoretical pressure signature 

r body radius 

X distance measured along body longitudinal axis from body nose 

Ax longitudinal distance from point on pressure signature to point 

where pressure signature curve crosses zero-pressure reference 
axis 

Axj^ adjusted value of length of positive portion of measured pressure 

signature (see fig. 6(c)) 
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Axb 

3 

Y 

6 


T 


length of positive portion of theoretical pressure signature 

= \|m2 - 1 


ratio of specific heats (1.4 for air) 

angle between radial line through probe orifice and line between 
probe and model center lines (see fig. 3) 


dummy variable of integration measured in same direction and using 
same units as x 


value of T giving largest positive value of integral 



F(t) dx 


A prime is used to indicate a first derivative and a double prime is used 
to indicate a second derivative with respect to distance along the model axis. 


MODELS, APPARATUS, AND TESTS 

To obtain data for a wide range of distances from the model (expressed in 
terms of the model length), it was necessary to construct two models. These 
models illustrated in figure 1 had identical forebody shapes but differed in 
scale by a factor of 4. This made it possible to measure pressure signatures 
for the large model at nondimensionalized distances of 2, 4, and 8, and for the 
small model at nondimensionalized distances of 8, 16, and 32; these distances 
are well within the limited space of the wind-tunnel test section. The model 
forebodies are paraboloids defined by the equations shown in the figure. The 
sting supports for the models were designed to avoid the generation of a pres- 
sure disturbance ahead of the expansion from the forebody maximum diameter. 

A sketch of the wind-tunnel test apparatus is also shown in figure 1 . The 
model actuator, mounted on the tunnel sidewall, provided remotely controlled 
longitudinal motion for the model. Pressure probes, mounted on the permanent 
tunnel sting support system were capable of remotely controlled lateral and 
longitudinal movement. The tunnel sting support motion was used to place the 
model and the pressure sensing apparatus in the proper relative position and 
the model actuator was used to move the model from one position to another as 
the measurements were taken. The pressure-sensing apparatus was constructed 
so that the pressure signature of the model (all the signature ahead of the 
expansion from the forebody maximum diameter) could be registered by the sensing 
probe before the bow shock impinged on the orifices of the reference probe. 

The probes were very slender cones (2° cone half-angle) , each having top 
and bottom orifices with a diameter of 0.089 cm. Note that a line connecting 
the pair of orifices is perpendicular to the horizontal plane containing the 
model and the probe. The selection of a pair of orifices rather than the 
previously used set of four with circumferential spacing of 90° is discussed 
later. Other considerations to be taken into account in providing accurate 
wind-tunnel measurements of sonic-boom characteristics are given in refer- 
ences 22 and 23. 
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TEST CONDITIONS 


The investigation was conducted in the Langley Unitary Plan wind tunnel 
at a Mach number of 4.14 with a stagnation pressure level of 0*.20 MN/m^ 
(29.55 psia) and a stagnation tempereature of 80° C (176° F). 


THEORETICAL CONSIDERATIONS 

The character of spacecraft configurations and their operational environ- 
ment permit the use of far-field theory for sonic-boom predictions. The blunt- 
ness insures a rapid coalescense of shocks to produce a simple wave form early 
in the propagation and the high altitudes provide a sufficient time for the 
formation of classical far-field "N-wave" pressure signature. 

The existing near-field theoretical prediction methods are, in fact, inap- 
propriate for this application. The near-field numerical prediction methods 
(refs. 24 and 25) have been shown to provide detailed signatures which correlate 
well with measured signatures for supersonic cruise airplanes. However, the 
so-called near-field theories are based on a supposition that the generating 
bodies are long and slender and the disturbances weak; conditions which obviously 
are not met in the present investigation. It might be noted that the near-field 
theory gives signatures which in all cases are longer than those given by far- 
field theory for the same conditions; whereas, as will be seen, blunt shapes 
actually produce signatures very much shorter than those given by the far-field 
theory. 

Another approach for the development of near-field (and far-field) predic- 
tion methods which may be applicable to blunt configurations is being pursued 
by L. Ting (ref. 26). This procedure which is based on the method of character- 
istics does not have the inherent limitations of the linearized theory methods 
on which present theories are based. 

The far-field theory to be employed in this study is described in refer- 
ences 13 and 15. Discussions of the theory, development of numerical methods 
for its implementation, and numerous correlations with experimental data are 
given in reference 27. 

In the following equations obtained from reference 15, the bow shock over- 
pressure directly under the flight path of an aircraft in level supersonic 
flight is related to the geometry of the aircraft and the flight conditions: 


Kpy( 26 ) 1 /^ 

APb = P T-rr==\ \ F(t) dx 

(h)3/4yy + 1 V '^0 


The length of the positive portion of the "N wave” pressure signature is given 
by 
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Axb 


h1/4 


(Y + 1)(2)^/^m 2 
33/4yy ^ 1 



F(t) dx 


(2) 


Thus the impulse or the area under the positive portion of the signature is 


I 


Ap 


p KrYM2 pxo 

= -p — =r- \ F(t) dx 


(3) 


For a body with no lift, the function F(x) in equations (1), (2), and (3) 
depends only on the longitudinal distribution of cross-sectional area and is 
defined as 


F(x) 



A"(x) 

' dx 

Vx - X 


For previous studies in which the bodies were slender and the disturbances prop- 
agated along lines not too far different from Mach lines, area distributions as 
defined by supersonic area rule concepts were employed. In this instance, where 
the blunt shape forces the formation of a normal shock ahead of the nose, nor- 
mal area distributions are believed to be more appropriate. 

For the body shape chosen for this experiment, the theoretical sonic-boom 
characteristics may be determined by a completely analytic process. The area 
development is simply A = vxl . With proper care in handling a singularity in 
the second derivative of the area development at the nose, in a manner similar 
to that used in reference 28, the sonic-boom signature quantities become 


APb 




^Y + 1 2(h)3/4(2 )1/*t 


Axb = 


(Y + 1) (2) 1/^2 (h)1/^D 

$ 3/4 + 1 2 ( 2 ) 1 /'* 


r KrM-^ 

\ Ap dx = p - 

^ t/oo 


K^m2 d2 
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The signature characteristics may also be expressed in convenient parametric 
forms which, with Y set equal to 1.4, are 


^^hj3/4 


Kr.6''/^(0.537)° 



For the conditions of this test, the parameters become 


^^hj3/4 


1 .52 


Axh 

~r 



11.12 



8.44 


Through use of these parameters, theoretical signatures for a given body 
at a given Mach number may be represented by a simple N-wave. Variations with 
distance are taken into account in the parameters. The far-field parametric 
form of signature presentation is particularly useful in analysis of experi- 
mental data. It may be used, as will be shown later, to assess the degree to 
which far-field conditions are approached and to evaluate the applicability of 
the theory. 


RESULTS AND DISCUSSION 

Basic data for the measured signatures at various distances are shown in 
figure 2. The ratio of the incremental pressures to the free-stream static 
value is plotted as a function of nondimensionalized distance from the zero 
incremental pressure point. 
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The cause of the double peaked behavior of the signatures in the vicinity 
of the bow shock, which is particularly noticeable for the close-in positions, 
is unknown. It may be the result of a shock — boundary-layer interaction. 

At larger distances where the shock strength is much reduced and the pressure 
peaks less sharply defined, the doubled peak behavior tends to disappear. 

It will be noted that superimposed on each of the measured and faired sig- 
natures is an adjusted signature. A shock front is known to be extremely thin, 
and measured signatures would be expected to display a sharply defined pres- 
sure rise in the vicinity of a shock were it not for the effects of model and 
probe vibration and probe, boundary layer which cause the pressure rise to 
spread over a finite distance. A method of reconstructing an idealized invis- 
cid steady uniform flow signature from measured data devised in reference 27 
has been applied to these data. The adjustment consists of extending forward 
the pressure curve behind the shock and inserting a vertical line to represent 
an adjusted shock so that the area under the original signature is preserved. 

For the h/l = 2 signature, the complete adjusted signature is not shown; how- 
ever, the estimated peak value of Ap^/p is given. For this signature, uncer- 
tainties in forward extrapolation of the signature behind the shock preclude 
any accurate determination of the adjusted shock pressure rise. Adjusted sig- 
natures can be adequately defined for the remaining distances. 

Before continuing with the discussion of results, it seems appropriate to 
discuss the selection of the measuring probe used in these tests, and the prob- 
lems encountered in attempting to accurately measure static pressures in flow 
fields with strong shocks and large flow angularities. One of the problems in 
wind-tunnel sonic-boom measurement is to provide an adequate definition of the 
pressure rise across and the location of a relatively thin inclined shock front. 
Orifices in multiple orifice probes are commonly arranged in a plane inclined 
at the Mach angle or the shock angle to provide a better definition of the pres- 
sure rise across the shock. When measurements are to be made at more than one 
Mach number, more than one probe or, more practically, a compromise design is 
required. Even for this test at a single free-stream Mach number, the local 
shock front angle varied from about 33° to 14°. Earlier unreported studies have 
shown that a two orifice probe which does not have this problem (a line con- 
necting the two orifices is perpendicular to the plane containing the probe and 
the model, and thus both orifices remain in the shock front for any shock angle) 
provides static pressure measurements in moderate strength flow fields essen- 
tially identical to those provided by other probe designs including the commonly 
used four orifice probe with 90° circumferential spacing. The performance of the 
two orifice probe in strong shock fields had not been evaluated, but, because 
of the aforementioned advantage, was chosen for these tests. 

Additional data gathered in these tests and presented in figure 3 serve 
to demonstrate the characteristics of the chosen probe and also to point out 
hazards associated with attempts to accurately measure static pressures in flow 
fields with strong shocks and the associated large flow angles. Here, pressure 
signatures measured with the two orifice probe (6 = 90° and 270°) are compared 
with signatures obtained by a single orifice either facing the model (0 n 0°) 
or facing away (6 = 180°) . The measured signatures are also compared with cal- 
culated signatures obtained by use of the finite-difference computing program 
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of reference 29. Even with the finest computational grid believed to be 
practical in view of computer time and cost, there is no assurance that a con- 
verged solution has been obtained. Finer grids result in decreasing peak over- 
pressures and decreasing signature lengths. Nevertheless, the computed signa- 
ture is believed to offer the best estimate that can presently be found for the 
close-in strong shock pressure signature (h/2 = 2). Increasing reliance must 
be placed on the experimental data as the distance increases because of the 
numerical solution convergence problem and increasing reliability of the probe 
measurements . 

For the two-body- length distance, where the finite-difference solution 
predicts flow angularity of 20.3° just behind the shock, it is seen that the 
6=0° and the 0 = 180° measurements are vastly different. An overpressure 
ratio of about 13 is recorded by the orifice facing the model; whereas the 
orifice facing away records an overpressure ratio of less than 2. These dif- 
ferences are so large that the accuracy of any simple pressure-sensing probe 
is questionable. The two orifice probe registers pressures near the shock that 
appear to be too low by a factor of two or more. An arrangement of orifices 
(number, location, and size) could probably be devised to give reasonably accu- 
rate results over some Mach number and flow angularity range, but any univer- 
sally applicable probe design for use in flow fields with strong shocks is 
unlikely. A better technique is to make the measurements at a location where 
the shock strength is weak enough to insure that the choice of probe design is 
not critical. 

At the eight-body-length distance, the pressure variation with 0 is much 
more subdued, the 0 = 90° and 270° data occupy a middle position, and the 
overpressure ratios have decreased to levels of one or less. The estimated flow 
angle of about 4.7° is not yet small, but is now comparable with the probe cone 
angle. Either the two orifice probe design or the conventional four orifice 
design would be expected to provide valid static-pressure measurements for over- 
pressures and angularities of that magnitude and smaller. 

The data presented and discussed indicate that sonic-boom measurements 
in a strong pressure field with large flow angularities should be avoided, even 
though the choice of smaller models (which provide larger nondimensionalized 
distances and thus weaker pressure fields) entails a sacrifice in the accuracy 
of the model construction and requires precision measurement techniques. Data 
presented in this report (see fig. 2(f)) and elsewhere (refs. 3 to 12) indicate 
that quite satisfactory measurements can be made with peak overpressure ratios 
no larger than 0.1. At that level, the measurement problems discussed herein 
are negligible. As a matter of interest, many of the references just cited 
show acceptable signature measurements with peak overpressure ratios consid- 
erably less than 0.01. At the higher end of the pressure spectrum, overpressure 
ratios of about one are perhaps marginal. 

Overpressure and longitudinal distance scales used in the presentation 
of the basic data were chosen so that each of the signatures would be approxi- 
mately the same size. This, however, camouflages the drastic changes that occur 
in both peak overpressure and signature length as h/2 increases. To remedy 
this situation, a scaled pictorial representation of the model pressure field 
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development is given in figure 4. Note that peak overpressure expressed as a 
ratio to free-stream static pressure varies from a value of about 2 to a value 
of about 0.1 and that signature length varies from about 2 to 16 body lengths. 

In spite of the drastic signature changes depicted in figure 4, it is 
possible (with the aid of the theory previously discussed) to define overpres- 
sure and longitudinal distance parameters which permit a reasonable superposi- 
tion of all the signatures. Signatures plotted in this parametric form are 
shown in figure 5. Note the progressive nature of the signature development 
and the approach to the far-field theoretical form as h/Z increases. Based 
on previous experience, it was somewhat surprising to find that even at 32 body 
lengths, the measured signature was still in a process of evolution to its 
ultimate theoretical form. 

To further examine the evolution of the signatures with h/Z and to permit 
some degree of extrapolation to larger h/Z distances, the primary far-field 
signature parameters were plotted as a function of h/Z in figure 6. In fig- 
ure 6(a), it is seen that there is a gradual and continued growth in signature 
impulse parameter with h/Z. But even at 32 body lengths the measured impulse 
is only about 65 percent of the far-field theoretical value. It appears that the 
impulse parameter will continue to increase with increasing h/Z, but whether 
the full theoretical value will be reached is uncertain. As has been discussed, 
there is some question as to the accuracy of static-pressure measurements in 
the presence of strong shocks; thus, the impulse is also in question. However, 
these errors, if present, diminish rapidly with h/Z, and thus the extrapolation 
should not be greatly affected. 

The very low values of measured signature impulse shown in figure 6(a) for 
the smaller h/Z values point out a previously unrecognized difficulty arising 
in attempts to use close-in measurements for large models in conjunction with 
present theoretical extrapolation methods (refs. 25, 30, and 31) to provide 
sonic-boom estimates. Because existing extrapolation methods are based on geo- 
metric acoustics, it was recognized that more accurate extrapolations would be 
made with smaller values of input overpressures provided they were accurately 
defined; thus, a compromise between large models for accurate overpressue defi- 
nition and small models for weak disturbance generation (at larger relative dis- 
tances) is required. For models generating lift, it was also recognized that 
the relative distance should be large enough to permit a reasonable approach to 
flow-field axial symmetry. The present extrapolation methods (with the exception 
of the relatively new and untested method of ref. 26) do not distinguish between 
volume- and lift-generated fields which behave very differently in the extreme 
near field. This requirement, in particular, brings about a strong bias in 
favor of the small model. 

For very blunt bodies at high supersonic speeds, there is an additional 
factor complicating the model size selection problems. The additional factor 
is the variation with distance of the measured impulse. The impulse parameter 

Ap dx/h\^/^ 

\ — — - is one of the fundamental invariants in the extrapolation pro- 

J P Z \Z/ 

cess. Thus, if the extrapolation input signature has an improper value of 
impulse, the whole extrapolation process is invalid. It is seen that the impulse 
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measured at h/Z = 2 (again referring to fig. 6(a)) could be too small for 
extrapolation purposes by a factor of two or more even after accounting for 
possible inaccuracies of static-pressure measurements in the strong shock field. 
(The impulse parameter given by the not quite converged finite-difference solu- 
tion is 3.5.) This consideration, which again argues for small models, is seen 
to place stringent demands on accurate construction of small models and on 
accurate measurement of very weak disturbances. There is, however, some hope 
that the extrapolation method of reference 26 which is based on the method of 
characteristics and allows for the presence of nonweak shocks, will provide a 
means of handling larger models and stronger pressure fields. 

The best demonstration of a not quite expected but fortunate applicability 
of the simple far-field theory to the present situation is seen in figure 6(b). 
Here the bow-shock pressure rise of the adjusted experimental data plotted as a 
function of h/Z is seen to asymptotically approach a value almost exactly 
equal to that given by the theory. Since the bow-shock pressure rise is commonly 
accepted as the single most important index of sonic-boom intensity, the impli- 
cations of these data are very significiant. It appears that the earlier demon- 
strated applicability of far-field theory to prediction of sonic-boom intensity 
for slender bodies at moderate supersonic speeds may now be extended to bodies 
with ratios of diameter to length as great as two and to Mach numbers at least 
as high as 4.14. Although the correlation shown here has been obtained only for 
the uniform atmosphere of the wind tunnel, the conclusion is expected to apply 
also to the real atmosphere. References 2, 3, and 17, for example, show that 
far-field theoretical predictions for a uniform atmosphere are also applicable 
to the real atmosphere provided that account is taken of atmospheric propagation 
factors now given by the computer program of reference 25. 

Variation with distance of the last of the far-field signature parameters, 
the signature length, is shown in figure 6(c). This parameter also appears to 
be approaching the far-field theory level, but is doing so very slowly. 

Mention was made earlier of the contrast between the way far-field char- 
acteristics were approached for the body of the present experiment and the way 
they were approached for more slender bodies of previous tests. An example is 
shown in figure 7. For the present model and for a body of the same shape but 
with a diameter to length ratio of 0.16 (ref. 11), the impulse parameter is 
shown as a function of h/Z. Inset sketches show the development of the signa- 
tures. Far-field theory impulse parameter levels and signatures are also shown. 
Signatures are shown in parametric form; thus, a single signature covers all 
distances for the theory. The character of the data for the present tests was 
discussed previously. Data for the more slender body are seen to be in marked 
constrast. The impulse parameter level is relatively constant and is quite 
close to the theoretical value. Extrapolation of signatures to large distances 
should create no trouble even for signatures taken as close as two body lengths. 
This figure clearly illustrates the extra care that must be taken in the plan- 
ning of sonic-boom tests of blunt shapes to obtain meaningful data, whether 
that data is to be used for validation of theories or for extrapolation. 
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CONCLUSIONS 


An experimental and theoretical study of sonic-boom generation of a blunt 
body at a high supersonic Mach number has provided the following conclusions: 

1 . For accurate measurement of sonic-boom flow fields with conventional 
static-pressure probes, strong pressure fields with large flow angularities 
should be avoideo. Small models, for which larger nondimensionalized distances 
and thus weaker pressure fields can be obtained, are preferable to large models 
even with the sacrifice in construction accuracy and the demands placed on 
measurement systems. A discussion of model size compromises and some guidance 
on allowable overpressures are given in the text. 

2. When the purpose of sonic-boom testing is the provision of data for use 
in existing geometric acoustic extrapolation methods, the limitations on over- 
pressure are even more demanding because signature impulse is found to follow 
acoustical disturbance laws only for very weak flow fields. 

3. The applicability of far-field sonic-boom theory previously demonstrated 
for more slender shapes may now be extended to bodies with ratios of diameter to 
length as great as two and to Mach numbers at least as high as 4.14. 

The third conclusion is particularly significant in view of the implica- 
tions of the first two which indicate serious limitations to the use of existing 
methods for the extrapolation of close-in experimental data. 


Langley Research Center 

National Aeronautics and Space Administration 
Hampton, VA 23665 
July 29, 1977 
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Figure 1.- Models and test apparatus. All dimensions are in cm. 
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(b) Large model; h/i = 4. 


Figure 2.- Continued. 
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Experimental data 
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(a) Impulse. 

Figure 6.- Variation of far-field signature parameters with distance. 
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(c) Length. 
Figure 6.- Concluded. 
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Body 5, TN D-6195 
D// = 0.I6 
M = 4.63 
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Figure 7-“ Approach to far-field conditions for the present model contrasted 

to that for a slender body. 
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